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WAFER-BASED ION TRAPS 
BACKGROUND 

Field of the Invention: 

This invention relates to ion traps and to methods for fabricating ion traps. 

5 Description of the Related Art: 

Conventional ion traps enable both storing ionized particles and separating the 
stored ionized particles according to their mass (M) to charge (Q) ratios. Storing the 
ionized particles involves applying a time-veirying voltage to the ion trap so that particles 
propagate along stable trajectories therein. Separating the ionized particles typically 

10 involves applying an additional time-varying voltage to the trap so that the stored 
particles are selectively ejected according to their M/Q ratios. The ability to eject 
particles according to their M/Q ratios enables the use of ion traps as mass spectrometers. 

Exemplary ion traps are described, e.g., in U.S. Patent 2,939,952, issued June 7, 
1960 to W, Paul et al, which is incorporated herein by reference in its entirety. 

15 Figure 1 shows one type of quadrupole ion trap 10 that has an axially symmetric 

cavity 18. The ion trap 10 includes metallic top and bottom end cap electrodes 12-13 
and a metallic central ring-shaped electrode 14 that is located between the end cap 
electrodes 12-13. Points on inner surfaces 15 - 17 of the electrodes 12-14 have 
transverse radial coordinates "r" and axial coordinates "z". These coordinates satisfy 

20 hyperbolic equations, i.e., t^/xq' -z^/zq^ = +1 for the central ring-shaped electrode 14 and 
t^/tq' -z^/zo^ = -1 for the end cap electrodes 12 - 13, Here, 2ro and 2zo are the minimum 
transverse diameter and the minimum vertical height of the trapping cavity 1 8 that is 
formed by the inner surfaces 15-17. Typical trapping cavities 18 have a shape ratio, 
ro/zo, that satisfies: (ro/zo)^ « 2, but the ratio may be smaller to compensate for the finite 

25 size of the electrodes 12-14. Typical cavities 18 have a size that is described by a value 
of ro in the approximate range of about 0.707 centimeters (cm) to about 1.0 cm. 

For the above-described electrode and cavity shapes, electrodes 12-14 produce 
an electric field with a quadrupole distribution inside trapping cavity 18. One way to 
produce such an electric field involves grounding the end cap electrodes 12-13 and 

30 applying a radio frequency (RF) voltage to the central ring-shaped electrode 14. In an RF 
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electric field having a quadrupole distribution, ionized particles with small Q/M ratios 
will propagate along stable trajectories. To store particles in the trapping cavity 1 8, the 
cavity 18 is voltage-biased as described above, the particles are ionized, and then, the 
particles are introduced into the trapping cavity 18 via an entrance port 19 in top end cap 

5 electrode 12. During the introduction of the ionized particles, the trapping cavity 18 is 
maintained with a low background pressure, e.g., about 10*^ Torr, of helium (He) gas. 
Then, collisions between the background He atoms and ionized particles lower the 
particles' momenta thereby enabling trapping of such particles in the central region of the 
trapping cavity 18. To eject the trapped particles from the cavity 18, a small RF voltage 

10 may be applied to the bottom end cap 13 while ramping the small voltage so that stored 
particles are ejected through exit orifice 20 selectively according to their M/Q ratio. 

For quadrupole ion trap 10, machining techniques are available for fabricating 
hyperbolic-shaped electrodes 12 - 14 out of base pieces of metal. Unfortunately, such 
machining techniques are often complex and costly due to the need for the hyperbolic- 

15 shaped inner surfaces 15-17. For that reason, other types of ion traps are desirable. 

A second type of ion trap has a trapping cavity with a right circularly cylindrical 
shape. This trapping cavity is also formed by inner surfaces of two end cap electrodes 
and a central ring-shaped electrode located between the end cap electrodes. Here, the end 
cap electrodes have flat disk-shaped inner surfaces, and the ring-shaped electrode has a 

20 circularly cylindrical inner surface. For such a trapping cavity, applying a voltage to the 
central ring-shaped electrode while grounding the two end cap electrodes will create an 
electric field that does not have a pure quadrupole distribution. Nevertheless, a suitable 
choice of the trapping cavity's height to diameter ratio will reduce the magnitude of 
higher multipole contributions to the created electric field distribution. In particular, if 

25 the height to diameter ratio is between about 0.83 and 1 .00, the octapole contribution to 
the field distribution is small, e.g., this contribution vanishes if the ratio is about 0.897. 
For such values of this shape ratio, the effects of higher multipole distribution are often 
small enough so that the cavity is able to trap and store ionized particles. 

For this second type of ion trap, standard machining techniques are available to 

30 fabricate the electrodes from metal base pieces, because the electrodes have simple 

surfaces rather than the complex hyperbolic surfaces of the electrodes 12-14 of Figure 1. 
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For this reason, fabrication of this second type of ion trap is usually less complex and less 
expensive than is fabrication of quadrupoie ion traps whose electrodes have hyperbolic- 
shaped inner surfaces. 

SUMMARY 

5 Various embodiments provide monolithic structures for quadrupoie ion traps 

whose trapping cavities are located in thin layer structures. Each thin layer structure is 
located on a front surface of a substantially thicker wafer. Thus, the ion traps have linear 
dimensions that are significantly smaller than the width of the wafer. The wafer is 
substantially thicker in order to be able to provide a sturdy support for the thin film 

10 structure in which the small ion traps are located. Methods exist for fabricating the new 
structures inexpensively using integrated circuit fabrication techniques. 

One embodiment features an apparatus for an ion trap. The apparatus includes a 
semiconductor or dielectric wafer with front and back surfaces, a sequence of alternating 
conductive and dielectric layers formed over said front surface, and a bottom conductive 

15 layer. The sequence includes top and middle conductive layers, wherein the middle 
conductive layer is closer to the wafer than the top conductive layer. The middle 
conductive layer includes a substantially right cylindrical cavity that crosses a width of 
the middle conductive layer. The top and bottom conductive layers cap respective first 
and second ends of the cavity. The top conductive layer includes a hole that forms a first 

20 access port to the cavity. The wafer includes via through the width of the wafer. The via 
provides another access to the cavity via the back surface of the wafer. The wafer is 
substantially thicker than the sequence of layers. 

Another embodiment features a method for fabricating an ion trap. The method 
includes forming a sequence of alternating conductive and dielectric layers on a planar 

25 front surface of a wafer and etching a right cylindrical cavity through one conductive 

layer of the sequence to produce a central electrode of the ion trap. The method includes 
forming another conductive layer over said central electrode and etching a hole through 
said another conductive layer to produce a first end cap electrode of the ion trap. The 
hole forms an access port to said cavity. The method also includes etching through a 

30 back surface of said wafer to produce a via that provides an access to a second end cap 
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electrode of said ion trap. The second end cap electrode includes either another 
conductive layer of the sequence or a conductive region of the wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-sectional view of a conventional quadrupoie ion trap; 
5 Figure 2A is a cross-sectional view of a portion of a monolithic structure having 

an array of quadrupoie ion traps; 

Figure 2B is a cross-sectional view of a monolithic structure according to Figure 
2A in which relative thicknesses of the thin layer structure and the wafer are shown; 
Figure 2C shows exemplary cross-sectional shapes for trapping cavities of the 
1 0 monolithic structure of Figure 2 A; 

Figure 3 is a flow chart illustrating a method for fabricating arrays of quadrupoie 
ion traps on a wafer; 

Figure 4 shows one embodiment of a mass spectrometer that incorporates an array 
of quadrupoie ion traps; 
1 5 Figure 5 is a flow chart showing a specific method for fabricating a monolithic 

structure for an array of quadrupoie ion traps according to the method of Figure 3; 

Figures 6 - 12 are cross-sectional views of intermediate structures produced 
during the fabrication method of Figure 5 and related fabrication methods; and 

Figure 1 3 is a cross-sectional view of a monohthic structure in which an array of 
20 quadrupoie ion traps is fabricated on a silicon wafer. 

In some Figures, dimensions of features have been increased or decreased to more 
clearly illustrate the features. 

In the Figures and text, like reference numbers indicate features with similar 
functions or properties. 

25 DETAILED DESCRIPTION OF EMBODIMENTS 

Figures 2A and 2B show portions of monolithic structure 22 for an array of 
quadrupoie ion traps. The monolithic structure 22 includes a semiconductor or dielectric 
wafer 23, e.g., a silicon wafer or a silica-glass wafer. For clarity, mid portions of the 
monolithic structure 22 have been omitted in Figure 2A as indicated by a gap G. 
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The monolithic structure 22 includes a thin layer structure 21 on a front surface of 
the wafer 23. The thin layer structure 21 includes a sequence of alternating conductive 
layers 24 - 26 and relatively thinner dielectric layers 28 - 30, Exemplary materials for 
the conductive layers 24 - 26 are metals, heavily doped semiconductors, conductive 
5 silicides, and combinations of these materials. Exemplary conductive layers 24 -26 have 
thicknesses between about 0.2 [am and several micrometers. Often, the middle 
conductive layer 25, which determines the height of the ion trap, is thick, and the top and 
bottom conductive layers 24, 26 are relatively much thinner. The dielectric layers 28 - 
30 electrically isolate the conductive layers 24 - 26 from each other and from the wafer 

10 23. Exemplary materials for the dielectric layers 28 - 30 are inorganic nitrides or oxides 
and polymer dielectrics. Exemplary dielectric layers 28 - 30 have thicknesses of less 
than 0. 1 )am. Exemplary thin layer structures 21 have a thickness, d, that is about ten or 
more times smaller than the thickness, D, of the wafer substrate 23. The wafer 23 is 
substantially thicker than the thin layer structure 21, i.e., has a thickness that is, at least, a 

15 few times the thickness of the thin layer structure 21. Its substantially thicker form 
enables the wafer 23 to provide physical handling support for the whole monolithic 
structure 22. Exemplary thin layer structures 21 on a silicon (Si) wafer have a thickness 
of 20 micrometers (|Lim) or less and preferably of 5 |im or less whereas an exemplary Si 
wafer 23 typically has a thickness of more than 250 |Lim. 

20 In monolithic structure 22, thin layer structure 21 includes the array of quadrupole 

ion traps. The ion traps have top end cap, central, and bottom end cap electrodes 32 - 34, 
which are formed by portions of the top, middle, and bottom conductive layers 24 - 26, 
respectively. The central electrodes 33 include right cylindrical holes that are cavities 36 
of the ion traps. The top and bottom electrodes 32, 33 include cylindrical ports 37, 38 for 

25 introducing ions into the right cylindrical trapping cavities 36 and ejecting ions from the 
right cylindrical trapping cavities 36, respectively, or vice- versa. The trapping cavities 
36 have central axes that are oriented transverse to conductive layer 25. 

Herein, a right cylindrical cavity has a surface that is swept out by a straight-line 
segment as a point on the segment traces out a plane closed curve while keeping the 

30 segment normal to the surface of the curve. Figure 2C shows cross sectional shapes of 
exemplary right cylindrical cavities, i.e., shapes associated with a circle, C; an oval, O; a 
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square, S; and a truncated hyperbola, H. In various embodiments, trapping cavities 36 
may have one of these cross sectional shapes or other shapes. Cavities having 
substantially right cylindrical shapes can be produced by standard mask-controlled 
anisotropic dry etching techniques. 
5 The conductive layers 24 - 26 include electrical contacts (not shown) for applying 

separate biasing voltages to each of electrodes 32 - 34. The electrical contacts may 
connect to the electrodes 24 - 26 of separate ion traps individually or connect to 
equivalent electrodes 24 - 26 of separate ion traps in parallel. 

For each trapping cavity 36, one or more entrance ports 37 opens out to the front 

10 side of the monolithic structure 22, and one or more exit ports 38 opens out to the 

backside of the monolithic structure 22. In embodiments with one entrance port 37 and 
one exit port 38 per trapping cavity 36, the port diameters are less than of the diameters 
of the associated trapping cavities 36 so that the ports 37, 38 do not substantially deform 
the approximate quadrupole electric field distributions in the trapping cavities 36. 

15 In monolithic structure 22, the heights of trapping cavities 36 are less than the 

width of the thin layer structure 21. Since this width is typically 10 or more times smaller 
than that of the supporting wafer 23, the heights of the cavities 36 are ten or more times 
smaller than the width of the wafer 23, i.e., the trapping cavities 36 are very small. The 
wafer 23 must be substantially thicker than the thin layer structure 21, e.g., 10 times 

20 thicker, so that the wafer 23 provides a robust physical support for the array of tiny ion 
traps. Nevertheless, exit ports 38 must be accessible through the backside of such a thick 
wafer 23. To accommodate these two needs, the monolithic structure 22 includes deep 
vias 39 that cross the entire width of thick wafer 23 and provide physical access to the 
exit ports 38 through the back surface of the wafer 23. The sidewalls of the deep vias 39 

25 typically have regular series of ridge-like bumps 40 indicative of the repeated steps of a 
deep etch process used to produced such deep vias 39. 

The operation of quadrupole ion traps of monolithic structure 22 is similar to the 
operation of conventional quadrupole ion traps. Storing molecules in the ion traps 
includes introducing ionized molecules into the trapping cavities 36 by projecting a 

30 stream of the molecules towards entrance ports 37 while bombarding the molecules with 
electrons that cause ionization. The ionized molecules then, enter the trapping cavities 36 
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via the ports 37. Storing molecules also includes grounding end cap electrodes 32 and 34 
while applying an RF voltage to central electrodes 33 so that a trapping RF electric field 
is present in each trapping cavity 36 when the ionized particles are introduced therein. 
Each trapping cavity 36 has a shape that ensures that the trapping electric field therein 
5 will be a good approximation to a quadrupole field distribution. For a right circularly 
cylindrical trapping cavity 36 whose height over diameter ratio is in the range of about 
0.83 to about 1.0 and preferably is about equal to 0.897, the above voltage biasing 
scheme typically produces an electric field whose distribution well approximates that of a 
quadrupole distribution in the trapping cavity 36. Storing molecules also includes 

10 maintaining a low pressure of helium (He) in the trapping cavities 36, e.g., a 10*"^ Ton- 
pressure while the ionized particles are introduced therein. He atoms of the gas collide 
with the introduced ionized molecules thereby lowering the molecules' momenta so that 
the molecules can be trapped in the central region of the trapping cavities 36. Ejecting 
the ionized molecules from the trapping cavities 36 involves increasing the amplitude of 

15 the RF voltage that biases the central electrodes and/or applying a smaller RF voltage to 
the bottom end cap electrodes 34 to resonantly eject trapped ions via exit ports 38. 

Various embodiments of monolithic structure 22 provide several advantages over 
conventional ion traps. First, trapping cavities 36 are typically small, which implies that 
biasing voltages during operation are typically low. For this reason, the ion traps of the 

20 monolithic structure 22 typically consume electrical energy at lower rates during 

operation. Second, the small size of the ion traps could potentially aid in incorporating 
the monolithic structure 22 in new types of devices, e.g., handheld mass spectrometers. 
Third, some embodiments of the monolithic structure 22 incorporate large numbers of ion 
traps. Since ion traps typically only store ions in central portions of trapping cavities, 

25 some such large arrays should store ions at higher surface-densities than conventional 
single ion traps. The higher surface-density storage should enable production of mass 
spectrometers with higher sensitivities and/or mass sweep rates. 

Figure 3 illustrates a method 41 for fabricating a monolithic structure including a 
thin layer structure for one or more ion traps and a supporting relatively thicker wafer, 

30 e.g., structure 22 of Figures 2a and 2B. In the final fabricated structure, each ion trap has 
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a trapping cavity that is formed by two end cap electrodes and one central electrode, 
wherein the central electrode is located between the end cap electrodes. 

The method 41 includes forming a sequence of ahemating conductive layers and 
dielectric layers on a planar front surface of a dielectric or semiconductor wafer (step 42). 
5 In the sequence, the one or more dielectric layers are significantly thinner than the one or 
more conductive layers. The dielectric layers provide electrical insulation of the one or 
more conductive layers from each other and may also insulate the one or more conductive 
layers from an underlying conductive surface region of the wafer. Forming the one or 
more conductive layers includes evaporation-depositing metal, chemical vapor depositing 

10 (CVD) doped semiconductor, and/or depositing conductive silicide. If the sequence 
includes a single conductive layer, forming the sequence also includes first forming a 
conductive surface region on the wafer, e.g., via implant doping a surface portion of a 
silicon wafer and then annealing the wafer to activate implanted dopant atoms. Forming 
the one or more dielectric layers includes chemical vapor depositing oxide or nitride or 

15 spin coating and curing a layer of polymer precursor. 

The method 4 1 includes dry etching a right cylindrical cavity through, at least, 
one conductive layer of the sequence to produce the central electrode of the ion trap (step 
43). The central electrode may include a single conductive layer or more than one 
adjacent conductive layers. Either an underlying conductive layer of the sequence or a 

20 conductive surface region of the wafer forms the bottom end cap electrode of the cavity. 

The method 41 includes forming a top conductive layer over the central electrode 
(step 44). Forming the top conductive layer involves performing one of the processes for 
forming a conductive layer as described in above step 42. If the sequence of underlying 
layers does not include a top dielectric layer, another deposition produces such a layer to 

25 provide electrical insulate the subsequently formed top conductive layer from the 

underlying central electrode of the ion trap. Together the top conductive layer and the 
underlying sequence of conductive and dielectric layers forms the thin layer structure that 
will include the trapping cavity of the final ion trap. 

Prior to forming the top conductive layer, method 41 may include forming a layer 

30 of sacrificial material that fills the cavity in the central electrode and produces a flat top 
surface over a top end of said cavity. Exemplary steps for forming the layer of sacrificial 
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material include depositing the sacrificial material and then, performing a chemical 
mechanical polishing (CMP) step to produce a flat top surface thereon. The flat top 
surface enables the subsequent deposition step to produce a flat bottom surface for the top 
conductive layer, i.e., a surface appropriate for the end cap electrode of a right cylindrical 
5 trapping cavity. After forming the top conductive electrode, another etch will remove the 
sacrificial material from the trapping cavity. 

Herein, a sacrificial material refers to a material that is added to an intermediate 
structure to provide structural support in subsequent fabrication steps and then, is 
substantially removed prior to completion of the final structure. 

10 The method 41 includes dry etching a hole through the top conductive layer to 

complete fabrication of a top end cap electrode for the ion trap (step 45). The etched hole 
forms one access port to the right cylindrical cavity, i.e., the trapping cavity. 

The method 41 also includes performing a deep etch through a back surface of the 
wafer to make a deep via that provides physical access to the trap's bottom end cap 

15 electrode (step 46). The deep via is aligned to expose a second port to the trapping 

cavity, i.e., a port located in the bottom end cap electrode. The lateral extend of the deep 
via is limited so as to not compromise the structural handling support that is provided by 
the thick wafer. Performing the deep etch involves doing a mask-controlled series of 
alternating shallow plasma etches, e.g., with depths of 2 - 3 |am, and polymer depositions 

20 until the resulting via traverses the entire thickness or almost the entire thickness of the 
wafer. The deep etch forms the backside via with substantially vertical walls and 
typically exposes a portion of the bottom electrode of the ion trap. The sidewalls of the 
deep via will have a regular series of ridge-like bumps that are indicative of the series of 
repeated etch and polymer deposition steps used to produce the deep via. Exemplary 

25 methods for performing deep etches of wafers are described in U.S. Patent No. : 

5,501,893, issued Mar. 26, 1996 to F. Laermer et al ('893 patent), which is incorporated 
by reference herein in its entirety. 

Figure 4 shows an embodiment of a mass spectrometer 2 that incorporates an 
array of quadrupole ion traps. The mass spectrometer 2 includes a vacuum pump 3, a 

30 sprayer 4, monolithic structure 22 of Figures 2A and 2B, an electron gun 5, a vacuum 

container 6, a variable voltage source 7, an ion detector 8, and a computer 9. The sprayer 
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4 injects molecules over the top surface of the monolithic structure 22 for storage in the 
ion traps therein. The electron gun 5 bombards the sprayed molecules with electrons to 
cause ionization. The sprayer 4 and electron gun 5 are configured so that a portion of the 
ionized molecules will enter entrance ports 37 to trapping cavities 36 of the monolithic 
5 structure 22. The vacuum pump 3 and container 6 maintain the pressure in the ion traps 
and near the associated entrance and exit ports 37, 38 at a low value, e.g., 10''' Torr or 
lower. The variable voltage source 7 biases trap electrodes of the monolithic structure 22 
appropriately for storing the ionized molecules and/or ejecting stored ionized molecules 
with selected Q/M ratios. The ion detector 8 is located adjacent the backside of the 

10 monolithic structure 22 and is spatially segmented so that ions from different exit ports 
38 of the monolithic structure 22 are detected in separate segments of the ion detector 8. 
The computer 9 operates the pump 3, the sprayer 4, the electron gun 5, and the variable 
voltage source 6, receives ion- count data from the ion detector 7, and uses the data to 
determine the Q/M ratios and fluxes for the detected ionized particles. 

1 5 Various embodiments of the mass spectrometer 2 provide advantageous methods 

for analyzing mass spectra. Some embodiments perform mass analyses via a bulk mode 
in which multiple ion traps of the monolithic structure 22 have equivalent voltage biases. 
In the bulk mode, the multiple ion traps store and/or eject ions with the same Q/M ratios 
simultaneously. The presence of such equivalently operated ion traps increases overall 

20 sensitivity of the mass spectrometer 2, e.g., and enabling more rapid spectral analysis 
than an equivalent mass spectrometer with only a single ion trap. Some embodiments 
perform said mass analyses via a parallel mode in which inequivalent voltage biases are 
applied to different ion traps of the monolithic structure 22. In the parallel mode, the 
different ion traps store and/or eject ions with different Q/M ratios. This enables 

25 different ion traps of the monolithic structure 22 to analyze separate portions of the Q/M 
spectrum, i.e., a parallel spectral analysis. The parallel mode enables more rapid sweeps 
of the mass spectrum of a sample gas that is being analyzed. 

Example 1 

Figure 5 illustrates an exemplary method 50 for fabricating a monolithic structure 
30 22' with an array of micro-ion traps in accordance with method 41 of Figure 3. The 

method 50 includes performing first and second sequences of steps I, II from respective 
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front and back surfaces of. a silicon (Si) support wafer 23. The steps produce structures 
71 - 77, 22' of Figures 6 - 13. In Figures 6-13, gap "G" indicates portions of the 
structures 71 - 77, 22' that have been omitted for clarity. 

From the front surface of the Si wafer 23, the method 50 includes performing the 
5 following sequence of fabrication steps. 

First, a series of layer depositions on wafer 23 and a series of dry etches produces 
structure 71 of Figure 6, which includes a sequence of layers (step 51). The sequence 
includes a conductive Al layer 90 and relatively thinner dielectric layers 91-92 that 
surround the Al layer 90. Lateral portions of the Al layer 90 will form bottom end cap 

10 electrodes of the final ion traps. The Al layer 90 includes circular holes 93 that will be 
the exit ports of the ion traps and electrical contacts 94 for the bottom end cap electrodes. 
The wafer 23 is a standard Si wafer with an initial thickness of about 750 |Lim. 

For making structure 71, the series of layer depositions includes a deposition of 
Si02 layer 91 to a thickness of about 0.2 |am, a deposition of aluminum (Al) layer 90 to a 

1 5 thickness of about 0.3 |im, and a deposition of Si02 layer 92 to a thickness of about 0. 1 
Hm. The depositions for the Si02 layers 91, 92 are plasma enhanced chemical vapor 
depositions (PECVD) that are performed at about 250''C - 400°C. The deposition for the 
Al layer 90 is a physical vapor deposition (PVD), a sputtering deposition at 20^C - 
250°C, or an evaporation-deposition. 

20 For making structure 71, the series of dry etches includes a reactive ion (RIE) 

plasma etch that is controlled by a photoresist mask 89 and stops on oxide and a second 
RIE plasma etch that removes remaining exposed portions of Si02 layer 91 . The features 
of the mask 89 define exit ports 93 and electrode contacts 94. Typical exit ports 93 have 
a diameter of about 0.33 |im. After the dry etch, a conventional plasma or wet strip 

25 removes the photoresist mask 89. 

Next, a series of depositions on structure 71 forms a second conductive Al layer 
95 for the central electrodes of the ion traps and a top dielectric layer 96 as shown in 
structure 72 of Figure 7 (step 52). To form layers 95 and 96, first a deposition forms the 
Al layer 95 with a thickness of about 1 .0 p,m on the structure 71 . Then, a second 

30 deposition forms the dielectric layer 96 by depositing about 0. 1 [im of Si02 or silicon 
nitride on the Al layer 95. The Al and dielectric depositions involve processes of types 
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already discussed with respect to above step 51. 

Next, a sequence of etches on structure 72 completes central electrodes of the ion 
traps and re-forms the exit ports 93 and electrical contacts 94 of the bottom electrodes as 
shown in structure 73 of Figure 8 (step 53). The central electrodes have circularly 
5 cylindrical cavities with that are aligned over associated ones of the exit ports 93. The 
cavities 97 have diameters of about 1 jam. The sequence of etches includes 
lithographically forming a photoresist mask 98 on the structure 72, RIE plasma etching 
away the exposed portions of top dielectric layer 96, RIE plasma etching away portions 
of Al layers 95 and 90 that are not protected by either the mask 98 or Si02 layer 92, and 
10 then, RIE etching away the remaining exposed portions of the SiOi layer 92. The RIE 
plasma etch forms trapping cavities 97 and electrical contacts 99 of the central electrodes 
and re-forms the exit ports 93 and electrical contacts 94 of the associated bottom end cap 
electrodes. The sequence of etches also includes plasma stripping the photoresist mask 
98. 

15 Next, a deposition produces a layer 100 of sacrificial amorphous silicon on 

structure 73 as shown in structure 74 of Figure 9 (step 54). The sacrificial amorphous 
silicon fills trapping cavities 97 of central electrodes. The deposition involves 
performing a PEC VD of Si at 250*^0 - 400°C, a sputtering deposition of Si at 20''C - 
250°C, or an evaporation-deposition of Si. After the deposition, the top surface 101 of 

20 the structure 74 is not flat due to the nontrivial topography of the structure 73 on which 
the amorphous silicon was deposited. 

Next, a CMP of the sacrificial material's top surface 101 produces a structure with 
a smooth and flat top surface, i.e., a surface suitable as a base for fabrication of top end 
cap electrodes (step 55). The CMP uses a chemical agent that selectively removes the 

25 sacrificial amorphous silicon. For that reason, the CMP stops on the planar surface of 
dielectric layer 96 thereby producing a flat top surface in the final structure. 

Next, a deposition on the last-described structure forms a third conductive Al 
layer 102 for the top end cap electrodes as shown in structure 75 of Figure 10 (step 56). 
The deposition uses one of the Al deposition techniques of step 51 to produce Al layer 

30 102 to a thickness of about 0.3 ^im. The deposited Al layer 102 has a flat lower surface 
due to the flat base surface that was produced by the depositing sacrificial material and 
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performing a CMP. 

At this point, Al layer 102 is typically highly reflective and thus, obscures any 
underlying optical alignment marks. Typically, one or more sets of such optical 
alignment marks have been formed on an unused portion of layers 90 - 92, 95 - 96, 
5 and/or in substrate 23, i.e., via etch and/or deposition processes. The alignment marks 
aid in optically aligning masks used to fabricate structure 75. To re-expose said 
alignment marks a dry etch is performed on the deposited Al layer 102 over the general 
area where the alignment marks were previously formed. The re-exposed alignment 
marks will provide optical reference points for aligning the masks of subsequent front 

10 side and backside dry etches. 

Next, a two-step series of etches on structure 75 completes top end cap electrodes 
as shown in structure 76 of Figure 1 1 (step 57). The first step of the series involves 
performing a mask-controlled dry etch of Al layer 102 to produce entrance ports 104 for 
trapping cavities 97 and contact electrodes 105 for the top end cap electrodes. The 

15 entrance ports 104 are cylindrical holes whose diameters are less than 0.5 times the 

diameters of the associated trapping cavities 97. For exemplary trapping cavities 97 with 
diameters of about 1.0 |im, exemplary entrance ports 104 have diameters of about 0.33 
^m or less. The previously formed alignment marks enable optical alignment of a 
contact mask (not shown) used to lithographically fabricate photoresist mask 103, which 

20 controls the dry etch. The dry etch stops on the underlying SiOi layer 96 and on the 

sacrificial amorphous silicon thereby completing the Al top end cap electrodes. Since the 
initial Al layer 102 of structure 75 had a flat lower surface, the final Al top end cap 
electrodes have flat lower surfaces. Suitable dry etches for Al have already been 
described with respect to above step 51 . The second step of the series involves 

25 performing a dry etch to remove exposed portions of the SiOa layer 96. This second dry 
etch stops on underlying Al layer 95 and on the sacrificial amorphous silicon. The 
second dry etch exposes the top surface of electrical contact 98. Suitable dry etches for 
Si02 were already described with respect to step 5 1 . After the two dry etches a 
conventional strip removes the photoresist mask. 

30 Finally, a plasma enhanced CVD forms a Si layer 106 having a thickness of about 

0.2 fim over the top surface of thin layer structure to (step 58). The Si layer 106 
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physically protects the thin layer structure 21 during handling associated with performing 
the sequence of steps from the backside of the wafer 23. Alternate embodiments may 
form the protective layer 106 of photoresist rather than Si. 

The sequence of steps from the front surface of Si wafer 23 completes fabrication 
5 of the trap's electrodes. The fabricated end cap electrodes and associated central 

electrodes form circularly cylindrical cavities 97 for the ion traps. The trapping cavities 
97 have heights, h, that are smaller than the thickness of the layer structure 21. In some 
embodiments, the trapping cavities 97 have right circularly cylindrical shapes and are 
constructed to have height to diameter ratios in the range of about 0.83 and 1 .00 and 
10 preferably of about 0.897 so that octapole contributions to electric field distributions are 
small during operation of the ion traps. 

From the backside of the wafer 23, the method 50 includes performing the 
following steps. 

First, a conventional mechanical grinding step reduces the thickness of the wafer 
15 35 in structure 77 from about 750 |im to about 300 |im to reduce the time needed for the 

backside etch (step 59). After the grinding step, the wafer 23 is preferably as thin as 

possible for safe and convenient handling. 

Next, a deep etch forms backside deep vias 108 that expose the Al bottom end cap 

electrodes as show in structure 77 of Figure 12 (step 60). The deep etch removes both 
20 portions of Si wafer 23 and any portions of Si02 layer 91 that remain at the bottom of the 

deep vias 108. The front side alignment marks provide optical references for aligning a 

contact mask used to lithographically fabricate a photoresist mask 110 that controls the 

deep etch. 

Performing the deep etch involves forming photoresist mask 1 10 on the backside 
25 of the wafer 23 and then, performing a series of alternating shallow plasma etches, i.e., 
etches to depths of 2 |am to 3 |Lim, and polymer depositions. The series of plasma etches 
substeps and polymer deposition substeps produces deep via 108 with substantially 
vertical sidewalls 111. Exemplary conditions for the plasma etch substeps are a reactive 
gas mixture of SFe and Ar, a gas flow of less than 100 seem, a pressure of 10"^ - 10"^ bar, 
30 and a microwave energy of 300 - 1200 watts at 2.45 GHz for generating the plasma. The 
polymer deposition substeps produce substantially uniform coatings of fluorocarbons on 
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the partially etched via, e.g., a layer of CHF3. Each coating reduces lateral etching during 
the subsequent plasma etch substep. Exemplary conditions for the polymer deposition 
substeps include a gas mixture of CHF3 and include using Ar and flow, pressure, and 
microwave irradiation conditions similar to those of the etch substeps. Methods for 
5 performing such deep etches in Si wafers are described in the above incorporated '893 
patent. 

Next, a chemical etch of structure 77 removes the sacrificial material from both 
exit ports 93 and trapping cavities 97 (step 61). Exemplary conditions chemical etch 
involve performing about 50 to 100 repetitions of the following treatment: exposing the 

10 front side of structure 77 to XeF2 gas for about 10 seconds at a pressure of about 2.9 Torr 
and then pumping out the resulting gases. 

Above steps 59-61 clear trapping cavities 97 and exit ports 93 of sacrificial 
material and remove protective Si layer 106. 

In some embodiments, the chemical etch may be proceed from the back side or 

1 5 from both sides of the structure 77 thereby also clearing entrance ports 104 of protective 
Si layer 106. In embodiments where a back side chemical etch clears trapping cavities 97 
and exit ports 93, another front side etch is performed to remove protective Si layer 106 
thereby clearing the entrance ports 104 of material and producing final monolithic 
structure 22' for an array of ion traps as shown in Figure 13. 

20 In various embodiments of structure 22', individual ion traps have electrical 

contacts that enable either parallel trap operation or independent trap operation. In the 
embodiments with independently operable ion traps, the sequence of front side steps also 
produces lateral isolation barriers between the sets of electrodes for different ion traps. 
The barriers may, e.g., be trenches through Al layers 102, 95, 90 that encircle individual 

25 ion traps. The etches that form the traps' electrodes from the Al layers 102, 95, 90 will 
produce such trenches if the associated photoresist masks have appropriate features. 

During performance of method 50, preferably Si wafer 23 and structures 71 - 77, 
22' are maintained at temperatures below about 200° C unless otherwise specified. These 
low processing temperatures tend to reduce bending stresses that are caused by the lattice 

30 mismatch between thin layer structure 21 and the underlying Si substrate 23. Such 

stresses could cause a measurable bowing of the Si wafer 23 if processing steps 51-61 
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proceeded at higher temperatures. 

Example 2 

Another exemplary method for fabricating monolithic structure 22' of Figure 13 
involves modifying method 50 of Figure 5 by substitutions of different materials. The 
5 substitutions involve using doped polysilicon for conductive layers 90, 95, 102 and using 
either Si02 or a spin on curable polymer for the sacrificial material of step 54. For such 
substitutions, the sequence of front side steps entails the following changes. The 
depositions for the conductive material of layers 90, 95, 102 involve performing plasma 
enhanced CVD depositions for polysilicon doped n-type or p-type with concentrations of 

10 10^^ or more dopant atoms per cm^. The dry etches that form features in the conductive 
material of the doped polysilicon layers 90, 95,102 involve performing conventional RIE 
plasma etches that are adapted to selectively remove polysilicon. The CMP for 
planarizing the top surface 101 of intermediate structure 74 of Figure 9 uses a chemical 
polishing agent that selectively removes the SiOa or the cured polymer of the sacrificial 

15 material. The backside chemical etch for removing the sacrificial material uses a 

chemical agent and conditions adapted to removing Si02 or a spin on curable polymer as 
appropriate, e.g., a wet etch in HF is appropriate for Si02 sacrificial material. 

In other embodiments, the thin layer structure 21 and trapping cavities have other 
sizes, but height to diameter ratios of said cavities preferably are in the above-described 

20 ranges to reduce the size of octapole contributions to trapping electric fields. 

Other embodiments of the invention will be apparent to those of skill in the are in 
light of the specification, drawings, and claims of this application. 
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